Summary : 1) The author established the representation of the lower motor center of all the extrinsic ocular muscles by means of HRP labeling in the rat.
There have been many studies and reports on the representation of the extrinsic ocular muscles in different species by various techniques including electric stimulation [Hensen and VOlckers (1978) in dogs, Szentagothai (1942) A clinico-pathological approach has also been followed in an attempt to establish the arrangement of the lower center of the extrinsic muscles mostly in human cases [Kahler and Pick (1888), Siemerling (1891), Perlia (1889), Stuelp (1895) and von Monakow ('05) in cats]. Tsuchida ('06) 17 discussed the comparative anatomy in this field and Brouwer ('18) modified Bernheimer's schema based on his own studies.
Recently, investigations have been made using the retrograde axonal transport of horseradish peroxidase (HRP), following the demonstration of its application for clearly revealing neurons by Kristenson and Olsson ('71) [Gacek ('74, in kittens), Luiten and Di jkstra-De Viliger ('78, in carp) and Akagi ('78, cats and rabbits)]. This HRP technique was employed experimentally to study the localization of the motor neurons by injection into the following extraocular muscles : levator palpebrae superioris (not in the carp and kitten studies); superior rectus, medial rectus, inferior oblique, inferior rectus, superior oblique (not in the carp study) and lateral rectus (not in the adult cat study). Glicksman ('80) investigated rats by the HRP method and using 125I in the above seven muscles. He divided the oculomotor nucleus according to five muscles [levator palpebrae superioris (not in the carp study), superior rectus, medial rectus, inferior oblique and inferior rectus] as areas of related center of lower motor neurons as had been done formerly.
In the present study, an attempt was made to elucidate the localization of the lower center of the extrinsic ocular muscles in the oculomotor nucleus, trochlear nucleus and abducens nucleus of the rat.
For this purpose, the author again employed the retrograde axonal transport of HRP which was given individually to the following muscles : levator palpebrae superioris, medial rectus, inferior oblique, inferior rectus, superior oblique and lateral rectus.
Materials and Methods
A total of 324 four-week-old (80-120 g) and adult (250-350 g) Wistar rats was used in this series. The initial experiment was performed in 221 rats. The left extraocular muscles of the ether anesthetized rats were dissected out under a Konan operating microscope. The muscles were injected with 60-300 units (U) of a freshly prepared 30-45% solution of HRP (Sigma, type VI, lot Nos. 25C-9570, 26C-9580, 117C-9570-1) in 0.1 phosphate buffer (pH 7.4) or distilled water, using a 10 pl Hamilton microsyringe and 33 gauge needle. At withdraw' of the needle, surgical cement, Alonalpha A (Sankyo Co., Tokyo) was applied around the injected site in the muscles to prevent neighboring tissues from being af- The groups lay on either side of the median plane in the floor of the substantia grisea centralis. In its caudal third, the frontal section resembled a pair of wings, while the middle third resembled commas facing away from each other and the rostral third, a pair of irregular squares.
Sagittally, the appearance was that of a triangular mass. The author was unable to find a group of isolated neurons of the caudal central nucleus throughout this series of experiments on rats. The oculomotor nucleus was caudally separated from the nuclei of nerve IV. The trochlear nucleus was composed of 257-315 neurons (average 285 neurons) which included both large-sized (28-40 pm) and medium-sized (20-26 pm) multipolar neurons and spindle-shaped medium-sized (16-30 pm) neurons.
The nucleus was divided into two, dorsal and ventral parts by the fibers. Its diameter was 200 pm in any direction.
The abducens nucleus consisted of 392-442 neurons (average 418 neurons) which included large-sized (24-28 pm) and medium-sized (20-24 pm) multipolar neurons and spindle-shaped medium-sized (10-34 pm) neurons. The nucleus was located beneath the genu of the n. facialis. It was 400 pm in length and 380 pm in width.
Experimental findings : The numbers of animals used for this experiment are shown in Table 1 . The percentages of HRP labeled neurons are shown in Table  2 , and their ipsilateral : contralateral ratios in Table 3 . Table 4 gives the total percentages of labeled neurons in the nuclei.
Levator palpebrae superioris HRP labeled neurons were recognized mostly in the caudal part of the ipsilateral and contralateral oculomotor nucleus. Also, on the ipsilateral side, sporadic occurrence of labeled neurons was seen in the abducens nucleus and the rostral part of the oculomotor nucleus. Many labeled neurons were present in the ipsilateral middle third of the oculomotor nucleus (Figs. 1, 8 and 9). The labeled neuron ratio (ipsilateral : contralateral) was 1.2 : 1 in the oculomotor nucleus, 1: 25 in the trochlear nucleus (Fig. 10 ), and 15: 1 in the abducens nucleus (Fig. 30) .
Superior rectus HRP labeled neurons were located mainly in the inner dorsal part of the caudal two thirds of the contralateral oculomotor nucleus (Fig. 12) . A few labeled neurons were dispersed on both sides of the trochlear nucleus throughout (Figs. 2 and 15). The labeled neuron ratio (ipsilateral : contralateral) was 1: 4 in the oculomotor nucleus, 1: 6 in the trochlear nucleus, and 11 : 1 in the abducens nucleus (Fig. 31) .
Medial rectus Labeled neurons were seen predominantly in the inner portion of the ipsilateral oculomotor nucleus.
HRP positive neurons were present in the contralateral middle part of the oculomotor nucleus (Figs. 3 and 16-18). The labeled neuron ratio (ipsilateral : contralateral) was 1.9 : 1 in the oculomotor nucleus, and labeled neurons were also observed in the contralateral trochlear and the ipsilateral abducens nucleus (Fig. 32) .
Inferior oblique Most of the labeled neurons were found in the dorsal portion of the caudal three quarters of the ipsilateral oculomotor nucleus.
A few labeled neurons were observed, in the ipsilateral abducens nucleus. Labeled neurons were scattered throughout the contralateral oculomotor nucleus and abducens nucleus (Figs. 4 and 20-22). The labeled neuron ratio (ipsilalateral : contralateral was 17.8: 1 in the oculomotor nucleus, none : all in the trochlear nucleus, and for lightly stained neurons, 1 : 3 in the abducens nucleus (Fig. 37) .
Inferior rectus The majority of the labeled neurons were situated in the inner ventral portion, while some were present in the outer rostral part of the ipsilateral oculomotor nucleus.
A few labeled neurons were observed in the bilateral trochlear nucleus (Figs. 5, 11, 19, 23 and 33). The labeled neuron ratio (ipsilateral : contralateral) was 2.3 : 1 in the oculomotor nucleus, 1: 8 in the trochlear nucleus and 1.7 : 1 in the abducens nucleus.
Superior oblique Most of the labeled neurons were found in the contralateral nucleus and none were present in the caudal outer periphery of the nucleus.
A few neurons in the inner dorsal portion of the ipsilateral trochlear nucleus contained HRP. Apart from this, HRP positive neurons were dotted throughout both sides of the oculomotor nucleus and abducens nucleus. In the ipsilateral oculomotor nucleus, labeled neurons were seen in the ventral portion.
In the contralabeled side of the oculomotor nucleus, labeled neurons were observed in the dorsal portion (Figs. 6, 13, 27, 28 and 29). The labeled neuron ratio (ipsilateral : contralateral) was 1: 48 in the trochlear nucleus, 1: 1.2 in the oculomotor nucleus, and for lightly stained neurons, 1.3 : 1 in the abducens nucleus. In the present experiments, 50.47% of the HRP labeled neurons were distributed in the contralateral trochlear following an injection dose of 300 U HRP into the superior oblique.
Lateral rectus The inner ipsilateral portion of the abducens nucleus was the principal location of the labeled neurons. A few labeled neurons were also seen in the contralateral abducens nucleus as well as on both sides of the oculomotor nucleus (Figs. 7, 14, 24-26 and 34-36). The labeled neuron ratio (ipsilateral : contralateral) was 2.3: 1 in the abducens nucleus, 1.9: 1 in the oculomotor nucleus, and none : all in the trochlear nucleus. This muscle exhibited a different affinity for HRP intake, a phenomenon which has also been reported by Gacek ('74 Gacek ('77) encountered the same problem in the case of the lateral rectus since it proved rather difficult to reveal its originating neurons with HRP. The author obtained similar results for the lateral rectus which showed only 24.64% of HRP labeled neurons in the ipsilateral abducens nucleus following a uniform dose of 300 U HRP per muscle. The activity of the HRP varied according to lot number and the amount expressed in milligrams did not indicate the precise activity. The author therefore adopted the "unit" as an expression of the administered dosage. However, the problem still remains as to whether bottled HRP consistently maintains the activity which it is supposed to have as printed on the label. According to Gacek ('74), administration of more than 0.8 mg HRP represented an excessive dose for the extrinsic muscles of one-day-old kittens.
Presumably, leakage could have occurred based on his data showing so many labeled neurons on both sides of the oculomotor nucleus and abducens nucleus. However, by HRP injection into the superior oblique, he found that a few neurons in the contralateral trochlear nucleus remained unlabeled and a few labeled neurons were observed in the ipsilateral trochlear nucleus. Such labeled neurons in the ipsilateral trochlear nucleus suggest that a small number of neurons of the trochlear nucleus innervate the ipsilateral superior oblique.
Luiten and Dijkstra-De Viliger ('78) reported on the basis of their results for HRP injection into the superior oblique that 5% labeled neurons were seen in the ipsilateral and 100% in the contralateral trochlear nucleus.
These findings indicated that a total (100+5)% neurons are related to the superior oblique and the 5% of ipsilateral trochlear neurons are related to both the ipsilateral and contralateral superior oblique, or they may inciciate that there is innervation from the trochlear nucleus to the other extrinsic ocular muscles besides the superior oblique. However, they did not comment on this problem.
In the author's experiment, there was 1.05% of labeled neurons in the ipsilateral trochlear nucleus. Also, by HRP administration into the superior oblique it was found that there was 4.53% of labeled neurons in the ipsilateral oculomotor nucleus, while on the contralateral side, the labeled neurons were found to amount to 5.53%. In the abducens nucleus, there was 3.11% of lightly labeled ipsilaterally and 2.39% contralaterally.
In the case of HRP injection into the levator palpebrae superioris and superior rectus, which is a neighboring muscle, partly overlapping in the distal portion, it was found that the main part of the lower motor center of the levator palpebrae superioris and superior rectus did not overlap. As described earlier, the lower motor center of the levator palpebrae superioris is located mainly (1.2: 1) on the ipsilateral side and that of the superior rectus is located moinly (1 : 1.4) on the contralateral side of the oculomotor nucleus.
The inferior oblique and inferior rectus are neighboring muscles and the supplying nerve confluxes into the inferior ramus of the oculomotor nerve. Their lower motor centers are located separately, the former on the ventro-medial side and the latter mainly in the dorsal portion. By HRP administration into the inferior oblique and medial rectus, the author observed a few labeled neurons on the contralateral side of the oculomotor nucleus which had not been reported by previous investigators.
When the superior rectus is affected by leaked HRP, contralateral appearance of labeled neurons could occur in the areas of the lower motor center of the superior rectus. However, base on the author's results, the labeled neurons from the medial rectus were located in the contralateral central portion of the oculomotor nucleus and the labeled neurons from the inferior oblique were located in the lower ventral portion of the contralateral oculomotor nucleus. Most of the labeled neurons in the contralateral nucleus did not overlap with the lower motor center of the superior rectus in the contralateral oculomotor nucleus.
As indicated above, the HRP labeled neurons found in unexpected areas were not products of leakage due to excessive administration of outflow from the injected site ; rather, these results established that there was no leakage from the neighboring muscles.
Le Gros Clark ('26) studied the oculomotor nucleus of Erinaceus, Macrocelides etc. and divided it into three subsidiary columns : dorsal, ventral and paramedian. However, according to Tarlov and Tarlov ('71) , the motor pools of individual muscles do not correlate with the division of the main somatic column into dorsal, intermediate and ventral groups. The author' studies in the rat also indicated that the centers do not consist of the originating neurons of a certain muscle. Such centers possibly contain neurons of other muscles, interneurons, neurons of bilateral and contralateral distribution. Figure 38 shows that center of the medial rectus, inferior oblique and inferior rectus which are supplied by the inferior ramus of the oculomotor nerve. Each center contains originating neurons of the other muscles.
In the author's previous studies [Oda et at. ('77, '78)], he mostly utilized adult rats and histochemical procedures based on Graham and Karnovsky ('66). Under those conditions, a total of 42.51% labeled neurons was seen in the ipsilateral oculomotor nucleus and 9.83% in the contralateral oculomotor nucleus. Now, using 4-week-old rats and the histochemical procedures of Streit and Reubi ('77), a total of 55.64% labeled neurons was seen in the ipsilateral oculomotor nucleus and 36.23% labeled neurons in the contralateral oculomotor nucleus (Table 2) , while many lightly stained neurons were recognized which had once been barely distinguishable.
The recent results of Glicksman ('80) are in only partial agreement with the author's schema for the inferior oblique muscle. He did not demonstrate the bilateral lower motor center in spite of the existence of labeled neurons in the rat contralateral oculomotor nucleus in the illustrations.
It appears that a bilateral distribution of labeled neurons was purposely omitted due to the scantiness of numbers, and in the case of the superior oblique muscle, no labeled neurons were observed in the oculomotor nucleus, abducens nucleus and even the ipsilateral trochlear nucleus. Also, in the case of the lateral rectus, no labeled neurons were seen in the oculomotor nucleus and trochlear nucleus. The author considers that the main reasons for this observed lack of any labeled neurons in these areas were : 1) the employment of adult rats, 2) an insufficient dose of HRP, and 3) the smaller number of experimental animals.
Following the localization theory of Hensen and VOlckers published in 1878, investigators discussed the arrangement and representations of various centers, especially of five muscles (the levator palpebrae superioris, superior rectus, medial rectus, inferior oblique and inferior rectus). However, the author's findings indicate that almost all of the extrinsic muscles are related not only to the oculomotor nucleus but also to the trochlear nucleus and abducens. With up to a 300 U dosage of HRP, most of the neurons comprising the oculomotor nucleus, trochlear nucleus and abducens nucleus were recognized (in the oculomotor nucleus, 91.88%, which represents the total of both sides ; in the trochlear, 90.08% ; but in the abducens nucleus, 80.75%). There were areas where the author was unable to find labeled neurons. This could be attributable to an insufficient HRP dose or to a characteristic whereby the neurons have a low affinity for HRP or to the existence of interneurons or other neurons 
